The quantum spin fluctuations of the S ‫؍‬ 1/2 Cu ions are important in determining the physical properties of high-transition-temperature (high Tc) copper oxide superconductors, but their possible role in the electron pairing of superconductivity remains an open question. The principal feature of the spin fluctuations in optimally doped high-Tc superconductors is a well defined magnetic resonance whose energy (ER) tracks Tc (as the composition is varied) and whose intensity develops like an order parameter in the superconducting state. We show that the suppression of superconductivity and its associated condensation energy by a magnetic field in the electron-doped high-Tc superconductor Pr0.88LaCe0.12CuO4-␦ (Tc ‫؍‬ 24 K), is accompanied by the complete suppression of the resonance and the concomitant emergence of static antiferromagnetic order. Our results demonstrate that the resonance is intimately related to the superconducting condensation energy, and thus suggest that it plays a role in the electron pairing and superconductivity.
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spin fluctuations ͉ strongly correlated electron materials ͉ superconductivity T he parent compounds of the high-T c copper oxide superconductors are Mott insulators characterized by a very strong antiferromagnetic (AF) exchange in the CuO 2 planes and static long-range AF order. Doping holes or electrons into the CuO 2 planes suppresses the static AF order and induces a superconducting phase, with energetic short-range AF spin fluctuations that are peaked around the AF wave vector Q ϭ (1/2, 1/2) in the reciprocal space of the two-dimensional CuO 2 planes (Fig. 1a ) (1) . Understanding the relationship between the insulating AF and superconducting phases remains a key challenge in the search for a microscopic mechanism of high-T c superconductivity (2, 3) . For optimally hole-and electron-doped high-T c superconductors, the most prominent new feature in the spin fluctuation spectrum is a collective magnetic excitation known as the resonance mode, which also is centered at Q ϭ (1/2, 1/2) and whose characteristic energy (E R ) is proportional to T c (4) (5) (6) (7) (8) . The resonance only appears below the superconducting transition temperature in these optimally doped systems and is fundamentally linked to the superconducting phase itself.
The resonance previously has been suggested as contributing a major part of the superconducting condensation (9), measuring directly the condensation fraction (10) , and possessing enough magnetic exchange energy to provide the driving force for high-T c superconductivity (11) (12) (13) , but its small spectral weight compared with spin waves in the AF insulating phase may disqualify the mode from these proposed roles (14) . One way to determine the microscopic origin of the resonance is to test its relationship to the superconducting condensation energy.
Strictly speaking, the notion of superconducting condensation energy is an ill-defined concept if the normal state fluctuation effects are important as in the case of hole-doped high-T c copper oxides (15, 16) . However, in the absence of an accepted microscopic theory, one may still use the mean-field expression to estimate the condensation energy to determine whether the mode can indeed contribute to the interaction necessary for electron pairing and superconductivity (14) . Within the t-J model, a direct determination of the magnetic exchange energy available to the superconducting condensation energy requires the knowledge of the wave vector and energy dependence of the normal-state spin excitations at zero temperature (17), a quantity that has not been possible to obtain due to the presence of superconductivity. In principle, this can be rectified by studying the evolution of the zero (low) temperature spin excitations through the superconducting-to-normal state phase transition using magnetic field as a tuning parameter. Unfortunately, the large upper critical fields (H c2 Ͼ 30 T) required to completely suppress superconductivity in optimally hole-doped superconductors prohibit the use of neutron scattering in such a determination. In the lower field measurements on La 2-x Sr x CuO 4 , neutron scattering experiments have found that a magnetic field causes intensity to shift into the zero-field spin gap at the expense of the resonance (18, 19) , which is consistent with the idea that the resonance is being gradually pushed into the elastic channel where a quantum critical point separates the superconducting state from an AF state (20, 21) . Raman scattering results, however, showed that the primary effect of an applied field is simply to increase the volume fraction of the AF phase at the expense of the superconducting phase, thus suggesting an intrinsic electronic phase separation of these two phases (22) .
Electron-doped superconductors require a much lower upper critical field (H c2 Ͻ 10 T) to completely suppress superconductivity (23), thereby enabling one to probe the evolution of the spin excitations, resonance, and static AF order in these materials as the system is transformed from the superconducting state into the normal state at low temperature. Here we present electronic specific heat, elastic and inelastic neutron scattering results on the optimally electron-doped superconductor Pr 0.88 LaCe 0.12 CuO 4-␦ (PLCCO) (T c ϭ 24 K) (8) . We show that a magnetic field that suppresses the superconducting condensation energy in PLCCO also suppresses the resonance in a remarkably similar way (Fig. 1d) . Furthermore, the reduction in magnetic scattering at the resonance energy with increasing magnetic field is compensated by the intensity gain of the elastic scattering at the AF ordering wave vector Q ϭ (1/2, 1/2, 0) ( Fig.  1 e and f ) . Therefore, the superconducting phase without static AF order can be directly transformed into an ordered AF phase without superconductivity in electron-doped PLCCO via the application of a magnetic field. These results present the possibility that the resonance is intimately related to electron pairing and superconductivity.
Results and Discussion
We used inelastic neutron scattering experiments on the IN-8, IN22, BT-9, and V2 triple-axis spectrometers to map out the field dependence of the magnetic scattering function, S(Q, ), over a range of energies (0 Յ -h Յ 18 meV) in electron-doped PLCCO. We chose to study PLCCO because the crystalline electric field (CEF) ground state of Pr 3ϩ in PLCCO is a nonmagnetic singlet and Ce 4ϩ is nonmagnetic (24) , thus greatly simplifying the interpretation of the data. Additionally, as will be discussed later, nearly optimally doped PLCCO (T c ϭ 24 K) has an experimentally determined and easily accessible upper critical field, H c2 ϭ 7 T (Fig. 1b) , necessary for the complete suppression of the superconducting phase (25) .
Because previous work on hole-doped superconducting YBa 2 Cu 3 O 6.6 showed that a moderate c-axis-aligned magnetic field can suppress the intensity of the resonance (12), we first probed the influence of such a field on the recently discovered resonance in electron-doped PLCCO (8) . Field dependence of the total electronic specific heat versus temperature. Data taken at 8 T were established to be above H c2 (25) and were used to isolate and subtract background contributions from the normal-state phonon/electronic heat capacity. To obtain the normal-state electronic specific heat ␥T, 8-T data were fitted by C ϭ ␥T ϩ␤T 3 , where ␤T 3 is the phonon contribution. The resulting linear electronic contribution ␥T (␥ ϭ 5) was added back to the field-subtracted data to obtain the total electronic specific heat. enhances the magnetic scattering at (1/2, 1/2, 0), which we define as the resonance (Fig. 1e ). After applying a field greater than (H ϭ 10 T) or near (H ϭ 7 T) H c2 , these same Q scans show that the superconductivity-induced enhancement (the resonance) in zero field (Fig. 2 a and c) has now been completely suppressed, leading only to normal state AF spin fluctuations ( Fig. 2 b and  d) . Because the Pr 3ϩ CEF excitations are weakly wave-vectordependent (24), the magnetic field-induced suppression at Q ϭ (1/2, 1/2, 0) must arise from the reduction of Cu 2ϩ spin fluctuations at the resonance energy. (Figs. 1a and 2b) for temperatures below and above T c (i.e., 5 K and 30 K) and under zero, 8-T, and 10-T fields. Turning first to data collected by using a neutron final energy of E f ϭ 14.7 meV (Fig. 3a) , the results at zero field are consistent with earlier measurements (see figure 3 in ref. 8 ) and show enhanced magnetic scattering at Ϸ10 meV below T c , indicative of the resonance. Our polarized neutron beam measurements confirmed the magnetic nature of the mode (see SI Appendix). A Pr 3ϩ CEF excitation at -h ϭ 6 meV also is observed in both signal and background scans (8) . Although application of an 8-T magnetic field has no influence on the nonmagnetic background and the 6 meV CEF excitation at 5 K, there is a clear suppression of scattering at the resonance energy of 10 meV at 5 K (Fig. 3a) . To cover a wider energy range around 10 meV at Q ϭ (1/2, 1/2, 0), we carried out measurements using E f ϭ 35.0 meV (Fig. 3 b and c) . In the zero field case, the temperature difference data (Fig. 3d) again show a clear resonance peak at 11 meV, identical to the results of polarized neutron beam measurements (see SI Appendix). However, this well defined resonance peak vanishes when a 10-T field is applied, as confirmed by comparing the energy-integrated (from 8 to 16 meV), superconductivity-induced intensity changes between zero (314 Ϯ 77 counts in 10 min) (Fig. 3d ) and 10 T (Ϫ19 Ϯ 85 counts in 10 min) (Fig. 3e) . Future experiments at lower fields are necessary to determine whether the suppression observed in the Q scans shown in Fig. 2 is due to a downward shifting of the mode's energy with increasing field, as seen in hole-doped La 2-x Sr x CuO 4 (18, 19) .
To probe the field-suppressed spectral weight distribution of the resonance, we have carried out systematic elastic scattering measurements across Q ϭ (1/2, 1/2, 0) under various magnetic fields. Although previous muon spin relaxation measurements have observed the emergence of field-induced AF order throughout the volume of optimally doped PLCCO (26), neutron diffraction experiments have failed, possibly because of insufficient sample volume, to detect such a signal for optimally and overly doped PLCCO (27, 28) . Because our PLCCO samples have no observable static AF order above T ϭ 0.6 K (8), we would expect the observed peak at (1/2, 1/2, 0) in Fig. 4b to be nonmagnetic and thus weakly temperature-dependent, which is indeed the case, as shown in scattering profiles between 2 K and 30 K (Fig. 4b) . However, when an 8 T c-axis-aligned magnetic field is applied, field-induced magnetic intensity appears at the Q ϭ (1/2, 1/2, 0) position (Fig. 4a) . The field subtraction (8 T Ϫ 0 T) data at T ϭ 2 K in Fig. 4c show this induced order without the presence of the residual nonmagnetic structural peak at (1/2, 1/2, 0). The temperature dependence of the scattering reveals that the AF field-induced order increases with decreasing temperature (Fig. 4g) , remarkably similar to the field-induced incommensurate elastic scattering from hole-doped La 1.9 Sr 0.1 CuO 4 (29) and La 2 CuO 4ϩy (30) .
To demonstrate that the field-induced effect observed in Fig.  4c is indeed related to the suppression of superconductivity, we note that H c2 in copper oxides are highly anisotropic with respect to the direction of an applied field. Whereas a c-axis-aligned field can suppress superconductivity most efficiently, the same field parallel to the CuO 2 planes would have a substantially reduced effect on superconductivity. On the contrary, however, magnetic signal resulting from a simple polarization of paramagnetic Pr 3ϩ moments in PLCCO is smaller for fields along the c-axis compared with that in the ab-plane (see SI Appendix). Fig. 4d shows Q scans through (1/2, 1/2, 0) on an identical PLCCO (T c ϭ 24 K) sample aligned in the [h, h, l] zone such that the vertical field (H Ϸ 6.8 T) was applied along the in-plane wave vector [Ϫ1, 1, 0] direction. The field subtraction results (Fig. 4e) indicate that there is no observable induced magnetic signal at 2 K. Now, realigning the same crystal in the [h, k, 0] zone on the same spectrometer with the same magnet, the field subtraction results reveal a clear induced peak at (1/2, 1/2, 0) (Fig. 4f ) . This is direct and unambiguous evidence that the field effect in PLCCO is associated with the suppression of superconductivity. Fig. 4h shows that the induced order increases approximately linearly with increasing field up to H c2 . The appearance of the field-induced order is remarkably similar to the induced static moment seen in La 1.856 Sr 0.144 CuO 4 (31) , which is thought to be near a quantum critical point between the ''mixed phase'' (where the superconducting and AF phases coexist) and the phase-pure superconducting phase (20, 21) . Because both hole-doped La 1.856 Sr 0.144 CuO 4 (31) and electron-doped PLCCO (T c ϭ 24K) (8) have no static AF order at zero field, field-induced AF order cannot be due to modifications of residual AF order. With the present data, however, it is difficult to decipher any lower critical field threshold necessary for the emergence of static AF order in this PLCCO sample. Future experiments are needed to precisely map out the detailed field dependence of this field-induced AF order in PLCCO (T c ϭ 24 K), which would in turn allow a more complete assessment of the concomitant suppression of the resonance mode and the creation of static AF order under field.
To compare neutron measurements with the superconducting heat capacity anomaly, a small piece cut from one of the crystals (8) studied in our neutron measurements was used to measure the electronic specific heat under various field strengths ( Fig. 1  b and c) . Similar to previous work on optimally electron-doped Pr 1.85 Ce 0.15 CuO 4 (25) , the entropy in PLCCO is almost conserved between the normal and superconducting states for 0 Ͻ T Ͻ T c (see SI Appendix). The entropy conversion between 0 K and temperatures immediately above T c suggests that the fluctuation effects crucial for obtaining the correct superconducting condensation energy in hole-doped materials (15, 16) are much less important for optimally electron-doped cuprates (25) . Using mean-field theory, we estimate the superconducting condensation energy for PLCCO, along with the upper critical field (H c2 ) necessary for the complete suppression of the superconductivity [H c2 (T ϭ 0) Ϸ 7 T], and the results are plotted in Fig. 1d . The physical quantity referred to here as the condensation energy is calculated in terms of the entropy loss measured at a given T and field strength H through the relation
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Using the specific-heat-determined upper critical field and the data from Figs. 2 and 3 , we plotted schematically the behavior of S(Q, ) at Q ϭ (1/2, 1/2, 0) in the fully superconducting (H ϭ 0) versus the superconductivity-suppressed (H Ͼ H c2 ) states ( Fig. 1 e and f ) . The resonance is observed only in the superconducting state, and it disappears at high field, where the spectral weight losses at the resonance and quasi-elastic energies (see SI Appendix) are compensated in part by the intensity gain at the elastic AF position (Fig. 1f ) . This case is different from that of hole-doped La 2-x Sr x CuO 4 (18, 19) and electron-doped Nd 1.85 Ce 0.15 CuO 4 (32) .
Because the reduction of the resonance intensity with increasing field in PLCCO parallels the suppression of the superconducting condensation energy (Fig. 1d) , it is tempting to think that magnetic excitations contribute a major part of the superconducting heat capacity anomaly and condensation energy ( Fig. 1  b-d) . For optimally hole-doped YBa 2 Cu 3 O 6.95 , the change in the magnetic excitations between the normal and superconducting states was ͗m 2 ͘ res ϭ 0.08 Ϯ 0.014 B 2 /Cu, and the condensation energy was U c ϭ 1.5 K/Cu, thus giving a ratio ͗m 2 ͘ res /U c ϭ 0.06 Ϯ 0.009 B 2 /K (13). In PLCCO, the integrated moment of the resonance is a much weaker ͗m 2 ͘ res ϭ 0.0035 Ϯ 0.0014 B 2 /Cu (see SI Appendix); however, the condensation energy also has a much smaller value of U c ϭ 0.0687 K/Cu (Fig. 1c) , rendering a similar ratio of ͗m 2 ͘ res /U c ϭ 0.05 Ϯ 0.02 B 2 /K. Although this estimation in itself does not prove that magnetic excitations contribute a major part of the condensation energy, it is clear that the resonance is intimately related to the electron pairing and superconductivity.
The surprising observation of a simple tradeoff in intensities with increasing field between the resonance associated with the superconducting phase and the AF order in the nonsuperconducting phase is consistent with Raman scattering results (22) . These results suggest that the AF and superconducting phases compete with each other. However, it is unclear whether the AF ordered phase is associated with vortices (33) and, therefore, is microscopically phase-separated from the superconducting phase or is uniformly distributed throughout the sample as suggested by muon spin relaxation measurements (26) . The remarkable parallel between the suppression of the resonance and condensation energy with increasing magnetic field also suggests that the mode is fundamentally connected to superconductivity and the entropy loss associated with the phase's formation. Finally, our experiments elucidate a direct transition from a pure superconducting state without residual static AF order to an AF ordered state without superconductivity. Such a transition is not expected in conventional superconductors and therefore can be used to test theories for high-T c superconductors (20, 21, (33) (34) (35) . Future absolute measurements of magnetic excitations over a wider energy and momentum space in the low-temperature superconducting and nonsuperconducting normal states should enable a more quantitative determination of the magnetic exchange energy contribution to the superconduct- ing condensation energy and thus help identify the driving force for electron pairing and high-T c superconductivity.
Materials and Methods
Our inelastic neutron scattering experiments on electron-doped PLCCO (a ϭ b ϭ 3.98 Å, c ϭ 12.27 Å; space group: I4/mmm) were performed at the IN-8, IN22, and BT-9 thermal triple-axis spectrometers at the Institute Laue-Langevin and the National Institute of Standards and Technology Center for Neutron Research, respectively. Cold neutron data were collected on the V2 triple-axis spectrometer at the Hahn-Meitner Institute. Here we denote positions in momentum space using Q ϭ (h, k, l) in reciprocal lattice units in which Q [Å Ϫ1 ] ϭ (h 2/a, k 2/b, l 2/c). The applied magnetic field was vertical, and the copper oxygen layers of the compound were aligned either in the horizontal scattering plane or perpendicular to it.
